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INTRODUCTION
During aging, the number of neural stem/progenitor cells (NPCs), and subsequently neurogenesis, precipitously declines in the subgranular zone of the dentate gyrus (DG) in the hippocampus (Fan et al., 2017) . Mounting evidence in animal models indicates the potential for rejuvenation of regenerative and cognitive functions in the aging brain through interventions, such as heterochronic parabiosis (which exposes aged animals to young blood) (Fan et al., 2017; Katsimpardi et al., 2014; Villeda et al., 2011) . However, the ability to utilize this neurogenic potential is predicated on identifying molecular targets that reverse the effects of aging in the brain.
Recent studies have begun to link changes in the functions of epigenetic mediators, such as those necessary for covalent DNA modifications, to age-related regenerative decline (Beerman and Rossi, 2015; Brunet and Rando, 2017) . Interestingly ten eleven translocation methylcytosine dioxygenase 2 (Tet2), which catalyzes the oxidation of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC), is emerging as a potential epigenetic regulator of aging (Burgess, 2015) . Human genetic studies identified an increased frequency of somatic TET2 mutations with age that are associated with elevated risk for aging-associated disorders, such as cancer, cardiovascular disease, and stroke (Burgess, 2015; Jaiswal et al., 2014; Nadarajah et al., 2015) . Notwithstanding, the involvement of Tet2 in mediating the aging process in the adult brain has yet to be investigated. While Tet proteins and 5hmC are highly expressed in the brain (Hahn et al., 2013; Kriaucionis and Heintz, 2009; Szulwach et al., 2011) , with Tet1 and Tet3 implicated in proper brain function (Kaas et al., 2013; Li et al., 2014; Rudenko et al., 2013; Zhang et al., 2013) , the role of Tet2 remains relatively unexplored.
Here we demonstrate that Tet2 offsets age-related neurogenic decline and enhances cognition in the hippocampus of adult mice. We detect an age-dependent decrease in the levels of Tet2 and 5hmC in the aging hippocampus coincident with decreased adult neurogenesis. Mimicking an age-related loss of Tet2 in the adult neurogenic niche of the hippocampus, or adult NPCs, impairs regenerative capacity and associated hippocampal-dependent learning and memory processes. Conversely, increasing Tet2 in the hippocampus of mature animals increases 5hmC associated with neurogenic processes, restores adult neurogenesis to youthful levels, and enhances cognitive function. These findings indicate that Tet2-mediated hydroxymethylation regulates age-related regenerative decline in the aging hippocampus, with functional implications for neurogenic rejuvenation.
RESULTS

Tet2 and 5hmC Levels Decrease in the Aged
Hippocampus and Are Associated with Neurogenic Processes We characterized changes in the levels of Tet2 mRNA in the hippocampus and cortex of normal young and aged animals by qPCR, and we detected an age-related decrease in Tet2 expression within the aged hippocampus ( Figures 1A and 1B) . We examined changes in hippocampal 5hmC and 5mC levels by slot blot and immunohistochemical analysis, and we observed an age-related decrease in 5hmC ( Figures 1C and 1D ), but not 5mC (Figures S1A and S1B) . To gain mechanistic insight into which genomic loci were affected by these changes, we performed antibody-based 5hmC immunoprecipitation combined with deep sequencing (hMeDIP-seq) in the young and aged hippocampus (Figures 1E and 1F; . We characterized differentially 5-hydroxymethylated regions (DhMRs) , and we identified 345 DhMRs lost, while detecting none gained, with age ( Figure 1E ; Table S1 ). Lost DhMRs were enriched in intragenic regions, in the aged compared to young hippocampus ( Figure 1E ), and we observed DhMR-associated genes were involved in neurogenic processes by gene ontology analysis ( Figure 1F ).
To further investigate the relationship between age-related changes in Tet2 expression and adult neurogenesis, we compared the temporal kinetics of decreased adult neurogenesis and Tet2 expression with age (Figures 1G-1I ; Figure S1I ). Adult neurogenesis and Tet2 expression were quantified in contralateral hippocampi of the same animals by immunohistochemical analysis and qPCR, respectively. We observed a precipitous decline in adult neurogenesis by 6 months of age in mature adults (Figures 1H and 1I ; Figure S1I ) that was paralleled by a sharp decrease in Tet2 expression ( Figure 1G ; Figure S1I ). Altogether, these data raise the possibility that decreased Tet2 and 5hmC levels in the aging hippocampus are associated with age-related impairments in adult neurogenesis.
Reducing Tet2 in the Young Adult Hippocampus Impairs Neurogenesis We next asked whether mimicking an age-related decline in Tet2 within the young adult hippocampus would impair neurogenesis. We first abrogated Tet2 expression in the young adult hippocampus utilizing an in vivo viral-mediated RNAi approach (Figure 2A ). Young adult animals were stereotaxically injected with high-titer lentivirus (LV) encoding Tet2 or scramble control small hairpin RNA (shRNA) sequences into the DG of contralateral hippocampi, and Tet2 abrogation was confirmed in vivo . No changes in Tet1 or Tet3 were detected (Figure S2D ). Subsequently, we analyzed NPC function and maturation in an independent cohort of young adult animals by immunohistochemical analysis. Abrogation of Tet2 in the DG resulted in a significant decrease in the number of Sox2/GFAPpositive NPCs, Doublecortin (Dcx)-positive newly born neurons, Bromodeoxyuridne (BrdU)-positive cells, and BrdU/NeuN-positive mature differentiated neurons compared with the control contralateral DG ( Figure 2B ). ) upon tamoxifen administration ( Figure 2C ; Figure S2E) Figure 2D ). This decrease in newly born and mature neurons is consistent with increased levels of 5hmC upon neuronal differentiation in vivo ( Figure S2F ). Collectively, our in vivo RNAi and genetic data suggest an involvement of Tet2 in regulating adult neurogenesis at both the levels of the neurogenic niche and adult NPCs.
Reducing Tet2 in the Young Adult Hippocampus Impairs Cognitive Function
To investigate whether decreased Tet2 in the young adult DG, or loss of Tet2 in adult NPCs, impaired cognitive processes, hippocampal-dependent learning and memory were assessed using radial arm water maze (RAWM) and contextual fear-conditioning paradigms ( Figure 3A) . To test the effect of decreased Tet2 in the adult DG, young adult animals were given bilateral stereotaxic injections into the hippocampi of high-titer LV encoding Tet2 shRNA or scramble control sequences ( Figure 3B ). To test the effect of selective loss of Tet2 in adult NPCs, we utilized young adult NPC Tet2 À/À and littermate control Tet2 flox/flox mice ( Figure 3E ). All mice showed similar learning capacity during the training phase of the RAWM ( Figures 3D and 3G ). Abrogation of Tet2 in the adult DG resulted in significantly more errors in locating the target platform during both short-term ( Figure 3D ; Figure S3B ) and long-term (Figure 3D ; Figure S3C ) learning and memory testing compared to control conditions. Interestingly, selective loss of Tet2 in adult NPCs resulted in impairments only during long-term learning and memory testing compared to control mice ( Figure 3G ; Figures  S3E and S3F ). During fear conditioning training, mice exhibited no differences in baseline freezing time ( Figures S3A and S3D (Katsimpardi et al., 2014; Villeda et al., 2011) . To gain insight into the potential involvement of Tet2 in neurogenic rejuvenation, we measured mRNA levels of Tet2 in the aged hippocampus after heterochronic parabiosis. We detected an increase of Tet2 in heterochronic parabionts after exposure to young blood compared to age-matched isochronic parabionts exposed to old blood ( Figure 4A ). No changes in Tet1 or Tet3 were observed ( Figure S7A ). These data implicate Tet2 in conditions of brain rejuvenation. (G) Reverse-transcription qPCR of Tet2 mRNA from hippocampal lysates of aging mice (n = 5; ANOVA with Dunnett's post hoc test, **p < 0.01).
(H and I) Neurogenesis was analyzed by immunostaining and confocal microscopy. Representative field (H) and quantification (I) of Nestin-positive, MCM2-positive, and Doublecortin (DCX)-positive cells in aging dentate gyrus (DG) at 3, 6, 12, and 18 months (n = 5; scale bar, 100 mm; ANOVA with Dunnett's post hoc test, ***p < 0.001 and ****p < 0.0001). Data are represented as mean ± SEM. See also Figure S1 .
age-related decrease in adult neurogenesis and Tet2 expression in mature adult animals at 6 months of age ( Figures 1G-1I ). Correspondingly, mature adult animals at this age were stereotaxically injected with high-titer LV encoding Tet2 or control into the DG of contralateral hippocampi, and Tet2 overexpression was confirmed in vivo ( Figure 4B ; Figure S4B ). No changes in Tet1 or Tet3 were detected ( Figure S4C ). We performed hMeDIP-seq in the mature adult hippocampi following viral-mediated Tet2 overexpression (Figures 4C-4E ; Figures S4D-S4H ), and we found 558 DhMRs gained and 110 lost after Tet2 overexpression ( Figure 4D ; Table S2 ). We observed gained DhMRs enriched in intragenic regions (Figure 4D ), and we identified associated neurogenic processes by gene ontology analysis ( Figure 4E ). We compared genes whose DhMRs were lost during aging with those gained by Tet2 overexpression, and we detected 39 overlapping genes (Table S3) , of which 10 are involved in neurogenesis ( Figure 4F ).
Next, we examined whether restoring Tet2 was sufficient to rescue age-related decline in adult hippocampal neurogenesis by immunohistochemical analysis. We observed that increasing Tet2 in the mature adult DG resulted in a significant enhancement in the number of Sox2/GFAP-positive NPCs, Dcx-positive newly born neurons, BrdU-positive cells, and BrdU/NeuN-positive mature differentiated neurons in the DG compared with the control contralateral DG ( Figure 4G ). Excitingly, levels of adult neurogenesis achieved in the mature adult hippocampus by increased Tet2 mirrored levels normally observed in the young adult hippocampus ( Figure 4G ). We overexpressed Tet2 in the DG of young adult animals at 3 months of age, and we detected no changes in adult neurogenesis ( Figure S4J ). Our data indicate an age-dependent role for Tet2 in regulating regenerative decline in the aging brain.
Restoring Tet2 in the Mature Adult Hippocampus Enhances Cognitive Function
We next investigated the functional consequence of increasing Tet2 in the mature adult DG on cognition. Hippocampal-dependent learning and memory were assessed using RAWM and contextual fear-conditioning paradigms. Mature adult animals were given bilateral stereotaxic injections of high-titer LV encoding Tet2 or control into the DG of the hippocampus ( Figure 4H ; Figures S4K and S4L). All mice showed similar learning capacity during the training phase of the RAWM ( Figure 4J ), and no differences were detected in locating the target platform during short-term ( Figure 4J ; Figure S4N ) and long-term ( Figure 4J ; Figure S4N ) learning and memory testing. During fear conditioning training, mice exhibited no differences in baseline freezing time ( Figure S4M ). However, increased Tet2 expression in the mature adult DG resulted in increased freezing time during contextual ( Figure 4I ), but not cued ( Figure S4M ), memory testing. These data indicate that restoring Tet2 in the mature adult neurogenic niche is sufficient to enhance associative fear memory acquisition.
DISCUSSION
Cumulatively, our data indicate that age-related loss of Tet2 leads to decreased adult neurogenesis, with functional implications for cognitive impairment. Our in vivo RNAi and genetic data dissect the involvement of Tet2 in regulating adult neurogenesis at the level of the neurogenic niche and adult NPCs, pointing to complementary cell-autonomous and non-autonomous roles for Tet2 in regulating NPC function versus neuronal differentiation processes. Moreover, we demonstrate that increasing Tet2 in the hippocampus is sufficient to rescue the precipitous age-related regenerative decline observed in the mature adult brain and enhance associated cognitive processes. Ultimately, our data suggest that restoring Tet2 in the aging brain can promote rejuvenation.
Recently, it has been demonstrated that constitutive wholebody loss of Tet2 yields opposing effects on neurogenic processes, resulting in increased adult NPC proliferation but decreased neuronal differentiation (Li et al., 2017) . In contrast, our data indicate that decreasing Tet2 expression acutely in the adult neurogenic niche impairs all stages of hippocampal neurogenesis, while loss of Tet2 in adult NPCs impairs neuronal differentiation processes. These data point to differential regulation of distinct stages of neurogenesis by Tet2 that arise from the loss of Tet2 at the level of the whole organism, neurogenic niche, and adult NSC during development versus adult ages. In the context of aging, our data implicate decreased Tet2 in the aging hippocampus with age-related regenerative decline.
While a causal link between age-related decreased neurogenesis and cognitive decline remains obfuscated (Drapeau et al., 2003; Merrill et al., 2003; Seib et al., 2013; (legend continued on next page) 2015), decreasing Tet2 within the young adult hippocampus, or loss of Tet2 in adult NPCs, resulted in cognitive impairments. Interestingly, impairments in short-term spatial learning and memory that are not typically associated with changes in adult neurogenesis were observed after Tet2 abrogation in the adult hippocampus, but not in adult NPCs, beginning to delineate complementary roles for Tet2 in regulating neurogenesisdependent versus -independent cognitive functions. Collectively, our behavioral data identify a unique role for Tet2 in cognitive function distinct from other Tet family members, with previous studies implicating Tet1 and Tet3 in memory extinction but finding no role in long-term memory acquisition (Kaas et al., 2013; Li et al., 2014; Rudenko et al., 2013; Zhang et al., 2013) . Outside of the brain, aging-associated regenerative decline is also attributed to age-related dysfunction in tissue-specific adult stem cells throughout the body. Therefore, improving adult stem cell function provides an exciting approach for broadly rejuvenating regenerative capacity (Fan et al., 2017; Beerman and Rossi, 2015; Brunet and Rando, 2017) . Mounting evidence indicates that interventions eliciting neurogenic rejuvenation (Katsimpardi et al., 2014; Villeda et al., 2011) concomitantly promote rejuvenation in peripheral tissues (Baht et al., 2015; Conboy et al., 2005; Sinha et al., 2014) . Thus, our data raise the exciting possibility that rejuvenation of regenerative capacity could be promoted across tissues by targeting epigenetic regulators associated with the aging process. Moreover, the activities of several chromatin regulators are regulated by metabolites, notably Tet enzymes by vitamin C (Blaschke et al., 2013; Cimmino et al., 2017) , raising the possibility that non-invasive metabolic interventions may further contribute to promoting epigenetic-mediated rejuvenation.
EXPERIMENTAL PROCEDURES
Further details and an outline of resources used in this work can be found in the Supplemental Experimental Procedures.
Animals
The following mouse lines were used: young (3-month-old), mature (6-monthold), and aged (18-month-old) male C57BL/6 mice (The Jackson Laboratory), 
Data and Statistical Analyses
All experiments were randomized and blinded by an independent researcher. Groups were un-blinded at the end of each experiment upon statistical analysis. The distribution of data in each set of experiments was tested for normality using D'Agostino-Pearson omnibus test or Shapiro-Wilk test. Statistical analysis was performed with Prism 7.0 software (GraphPad). Means between two groups were compared with two-tailed, unpaired Student's t test. Comparisons of means from multiple groups with each other or against one control group were analyzed with one-way ANOVA, followed by the appropriate post hoc tests (indicated in the figure legends).
DATA AND SOFTWARE AVAILABILITY
The accession number for the hMeDIP-seq data reported in this paper is GEO: GSE102473. 
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The authors declare no competing interests. (F) Venn diagram representing the overlap of genes paired with DhMRs from those lost during aging (3 months over 18 months) and those gained from Tet2 overexpression (OE over control). From the overlap, genes associated with neurogenesis using gene ontology are shown, and mRNA expression in hippocampal lysates was measured by qPCR (n = 5 per group; t test, *p < 0.05, **p < 0.01, and ***p < 0.001).
(G) Neurogenesis was analyzed by immunostaining and confocal microscopy in mature adult (6-month-old) animals after LV administration. As a reference, young adult (3-month-old) mice were given unilateral STX injections of control LV. All mice were administered BrdU by intraperitoneal injections for 6 days and euthanized 30 days later. Representative field and quantification of GFAP/Sox2-positive, Dcx-positive, BrdU-positive, and NeuN/BrdU-positive cells are shown (n = 5 per group; scale bar, 100 mm; t test, *p < 0.05, **p < 0.01, and ***p < 0.001).
(H) Schematic of experimental paradigm and cognitive testing timeline. Mature adult (6-month-old) wild-type mice were given bilateral stereotaxic (STX) injections of lentivirus (LV) encoding Tet2 or control LV into the dentate gyrus (DG).
(I) Associative fear memory was assessed using contextual fear conditioning. Quantification of percentage freezing 24 hr after training is shown (n = 12-15 per group; t test, ***p < 0.001).
(J) Hippocampal-dependent spatial learning and memory was assessed using RAWM. Quantification of the number of entry errors during RAWM training and testing is shown (n = 6-9 per group; repeated-measures ANOVA with Bonferroni post hoc correction). Data are represented as mean ± SEM. See also Figure S4 . A, Young adult (3 months) wild type mice were given bilateral stereotaxic injections of lentivirus (LV) encoding either shRNA targeting Tet2 (sh-Tet2) or scramble control sequences (sh-Scramble) into the dentate gyrus (DG). Cued fear memory was assessed in sh-Tet2 and sh-Scramble control injected mice using contextual fear conditioning. Quantification of percent freezing 24 hours after training. (n=14 per group; t-test; n.s not significant; t-test) B,C, Hippocampal-dependent spatial learning and memory was assessed in sh-Tet2 and sh-Scramble control injected mice using RAWM. Quantification of the number of entry errors during RAWM short-term (B) and long-term (C) learning and memory testing. (n=14 per group; t-test; *P<0.05, ***P< 0.001, ****P< 0.0001) D, Young adult Tet2flox/flox/NestinCre-ERT2 NPC-specific knockout (Tet2-/-) or littermate control (Tet2flox/flox) mice were administered tamoxifen. Cued fear memory was assessed in Tet2-/-and Tet2flox/flox control mice using contextual fear conditioning. Quantification of percent freezing 24 hours after training. (n=9-10 per group; t-test; n.s not significant) E,F, Hippocampal-dependent spatial learning and memory was assessed in in Tet2-/-and Tet2flox/flox control mice using RAWM. Quantification of the number of entry errors during RAWM short-term (E) and long-term (F) learning and memory testing. (n=9-10 per group; t-test; *P<0.05, **P<0.01, ****P<0.0001, n.s not significant) Data are represented as mean±SEM flox-stop-flox CAG-TdTomato. All studies were done in male mice. The numbers of mice used to result in statistically significant differences was calculated using standard power calculations with α = 0.05 and a power of 0.8. We used an online tool (http://www.stat.uiowa.edu/~rlenth/Power/index.html) to calculate power and sample size on the basis of experience with the respective tests, variability of the assays and interindividual differences within groups. Mice were housed under specific pathogen-free conditions under a 12-h lightdark cycle and all animal handling and use was in accordance with institutional guidelines approved by the University of California San Francisco Institutional Animal Care and Use Committee (IACUC) and the VA Palo Alto Committee on Animal Research.
PCR genotyping. Tet2 floxed and NestinCreER
T2 alleles were genotyped from skin biopsies using PCR with Tet2 primers and NestinCreER T2 primers. Primers specific for the myogenin gene were included in the reaction as a control.
Tamoxifen administration. All experimental genetic mouse models (Tet2 flox/flox
control and Tet2 flox/flox /NestinCreER T2+/0 mutant mice) received tamoxifen. At 2 months mice were administered tamoxifen to induce Tet2 excision specifically in adult neural stem/progenitor cells termed NPC Tet2 -/-. Tamoxifen (T5648, SigmaAldrich) was dissolved in sunflower seed oil/ethanol (10:1) at 30 mg ml −1 , and was administered intraperitoneally at 180 mg kg −1 body weight once per day for 5 days. Animals were euthanized 2 months after the last injection.
RNA extraction, cDNA synthesis and qPCR. Total RNA was isolated using column from the RNeasy kit (QIAGEN, cat#74104). To quantify Tet2 mRNA expression levels, equal amounts of cDNA were synthesized using the HighCapacity cDNA Reverse Transcription kit (ThermoFisher Scientific, Cat# 4374966) and mixed with the Fast Taqman master mix (ThermoFisher Scientific), or the SYBR Fast mix (Kapa Biosystems), and Tet2 primers. GAPDH mRNA was amplified as an internal control. Quantitative RT-PCR was carried out in a CFX384 Real Time System (Bio-Rad).
Slot blot analysis. Genomic DNA samples were prepared in TE buffer and then denatured in 0.0.5 M NaOH/12,5 mM EDTA at 95 °C for 10 min and followed by adding an equal volume of cold 2 M ammonium acetate (pH 7.2). 
